ABSTRACT: A novel 2′-modification, 2′-O-[2-(methylthio)ethyl] or 2′-O-MTE, has been incorporated into oligonucleotides and evaluated for properties relevant to antisense activity. The results were compared with the previously characterized 2′-O-[2-(methoxy)ethyl] 2′-O-MOE modification. As expected, the 2′-O-MTE modified oligonucleotides exhibited improved binding to human serum albumin compared to the 2′-O-MOE modified oligonucleotides. The 2′-O-MTE oligonucleotides maintained high binding affinity to target RNA. Nuclease digestion of 2′-O-MTE oligonucleotides showed that they have limited resistance to exonuclease degradation. We analyzed the crystal structure of a decamer DNA duplex containing the 2′-O-MTE modifcation. Analysis of the crystal structure provides insight into the improved RNA binding affinity, protein binding affinity and limited resistance of 2′-O-MTE modified oligonucleotides to exonuclease degradation.
Many 2′-modified oligonucleotides have been designed and synthesized for use in antisense technology based drug discovery. A number of these 2′-modifications exhibit high binding affinity to target RNA, enhanced chemical stability, and nuclease resistance and increased lipophilicity. Oligonucleotides with the 2′-O-[2-(methoxy)ethyl] (2′-O-MOE) 1 modification ( Figure 1 ) are among the best characterized, both with respect to biophysical properties and biological activity. The 2′-O-MOE (1) modified oligonucleotide offers a 2°C increase in melting temperature(Tm)/modification as a diester (2′-O-MOE/PdO) compared to 2′-deoxyphosphorothioate (2′-H/PdS) compounds with identical base composition. All 2′-modifications with high binding affinity to target RNA have a C 3′ -endo sugar pucker (2) . Analysis of digestion of oligonucleotides with snake venom phosphodiesterase has proven to be a reliable indicator of stability of the oligonucleotides in cells and in vivo (3) . The 2′-O-MOE modified oligonucleotide phosphodiesters exhibits nuclease resistance (measured as the half-life of the full-length oligonucleotide, t 1/2 ) at approximately the same level as that of a 2′-deoxy oligonucleotide phosphorothioate of the same length and base composition.
Although phosphorothioate antisense oliogonucleotides have shown clinical promise (4-7), they have certain undesirable properties. Because of the negative charge delocalization at the internucleotide thioate bond, phosphorothioate oligonucleotides bind nonspecifically to many proteins (8) and inhibit a variety of enzymes in vitro (9) (10) (11) , perhaps leading to clinical side-effects. In contrast to other proteins, the micromolar affinity with which phosphorothioate oligonucleotides bind to human serum albumin (HSA) is actually an advantage. HSA plays a crucial role in in ViVo distribution and hence pharmacokinetic properties of drugs. Human serum albumin (HSA) in blood plasma binds many endogenous and exogeneous compounds with association constants in the range of 10 4 -10 6 M -1 . As the most abundant protein in plasma (35-50 mg mL -1 ), it plays an important role in the maintenance of blood pH and is the most important drug carrier in the plasma. The extent of binding of antisense oligonucleotides to human serum albumin determines distribution to all target tissues of interest and therefore the in ViVo pharmacokinetic properties. In contrast to 2′-deoxyoligonucleotide phosphorothioates (Pd S), those with 2′-O-MOE modified oligonucleotide phosphodiesters (PdO) are distributed primarily to the kidney and are rapidly excreted (12) . To improve the pharmacokinetic and biodistribution properties of 2′-O-MOE modified oligonucleotide phosphodiesters, we have synthesized 2′-O-[(2-methylthio)ethyl] or 2′-O-MTE (Figure 1 ) modified oligonucleotides and evaluated properties relevant to antisense activity, including affinity toward target RNA, nuclease stability, and binding to human serum albumin. Results of these biophysical measurements are interpreted using data from a crystal structure of an oligonucleotide containing a 2′-O-MTE residue. (2) . N 3 -[(Phenylmethoxy)methyl]-5-methyluridine 1 (41.57 g, 110 mmol) was dissolved in anhydrous DMF (250 mL) and cooled to -45°C. To this NaH (4.8 g, 121 mmol) was added in three portions, and the solution was warmed to 0°C for 1 h. The solution was cooled to -45°C, and solid 1,3,2-dioxathiolane 2,2-dioxide (15 g, 121 mmol) was added. The solution was allowed to warm to room temperature. After 5 h the solvent was removed under reduced pressure, and the residue was purified by silica gel column chromatography and eluted with a gradient of 5-10% methanol in dichloromethane to give 2 (25.60 g, 44%) as its sodium salt. The sulfates were produced in a 4:1 ratio as the 2′ and 3′ alkylated products. 2D 1 H NMR TOCSY was used to identify isomers. 1 
MATERIALS AND METHODS
N 3 -[(Phenylmethoxy)methyl]-2′-O-[(2-sulfooxy)ethyl]mono- sodiumsalt-5-methyluridine
2′-O-[2-(sulfooxy)ethyl]monosodium salt-5-methyluridine (3).
Compound 2 (5 g, 9.53 mmol) was dissolved in a mixture of EtOH (30 mL) and AcOH (30 mL). To this mixture was added palladium hydroxide (1 g), and it was allowed to shake on a Parr hydrogenation apparatus at 55 psi of H 2 overnight. The reaction was monitored by TLC (20% MeOH in CH 2 -Cl 2 ). After the reaction was complete, the solution was filtered through a bed of Celite and concentrated to dryness in vacuo. The crude product 3 was used for the next step without further purification.
2′-O-[2-(methylthio)ethyl]-5-methyluridine (4)
. Compound 3 (3.64 g, 9.53 mmol, amount based on 100% conversion of compound 1) was dissolved in 70 mL DMF, and sodium thiomethoxide (6.68 g, 95.3 mmol) was added as a solid. The reaction mixture was heated at 80°C for 18 h. The reaction was complete after this time as indicated by TLC (10% MeOH in CH 2 Cl 2 ). The reaction mixture was poured into water (50 mL) and extracted with ethyl acetate (50 mL). The organic phase was washed with brine (50 mL), dried over anhydrous MgSO 4 , filtered, and evaporated to dryness. The residue was purified by silica gel column chromatography and eluted with ethyl acetate to yield 4 (1.61 g, 56%). 1 (6) . Compound 5 (1 g, 1.58 mmol) was dissolved in anhydrous CH 2 Cl 2 (30 mL). To this solution was added N,N-diisopropylammonium tetrazolide (297 mg, 1.73 mmol), followed by 2-cyanoethyl N,N,N′N′-tetraisopropylphosphorodiamidite (0.6 mL, 1.89 mmol). The reaction mixture was stirred at room temperature under inert atmosphere for 20 h. The reaction mixture was diluted with ethyl acetate (50 mL) and washed with saturated sodium bicarbonate (50 mL) and brine (50 mL). The organic layer was dried over anhydrous MgSO 4 , filtered, and concentrated to yield yellow foam. The product was purified by silica gel chromatography (25% ethyl acetate in CH 2 Cl 2 ). The appropriate fractions were collected and dried in vacuo. The residue was dissolved in a minimal amount of anhydrous CH 2 Cl 2 (5 mL) and slowly added into vigorously stirring hexane (300 mL). The precipitate obtained was collected by decanting the solvent to yield 6 (1.10 g, 83%). 31 
5′-O-(4,4′-Dimethoxytrityl)-2′-O-[2-(methylthio)ethyl]-3′-O-succinyl-5-methyluridine (7).
Compound 5 (0.3 g, 0.47 mmol) was mixed with succinic anhydride (0.07 g, 0.71 mmol) and DMAP (0.03 g, 0.24 mmol) and dried over P 2 O 5 in vacuo overnight. The mixture was dissolved in ClCH 2 -CH 2 Cl (1 mL), anhydrous triethylamine (0.33 mL, 2.36 mmol) was added, and the mixture was stirred at room temperature for 18 h. The progress of the reaction was monitored by TLC (5% MeOH in CH 2 Cl 2 ). The reaction mixture was diluted with CH 2 Cl 2 (30 mL) and washed with ice cold aqueous citric acid (30 mL) and brine (30 mL). The organic phase was dried over anhydrous Na 2 SO 4 and evaporated to dryness in vacuo. The residue was purified by column chromatography and eluted with 10% MeOH in CH 2 Cl 2 containing 1% triethylamine to yield 7 (0.20 g, 51% 
5′-O-(4,4′-Dimethoxytrityl)-2′-O-[2-(methylthio)ethyl]-5-methyluridine-3′-O-succinyl CPG (8).
Compound 7 was loaded on to LCAA-CPG, following a reported procedure (13, 14) , and a final loading of 56 µmol/g was obtained.
Oligonucleotide Synthesis, Purification, and Characterization. A 0.1 M solution of the amidite 6 in anhydrous acetonitrile was used for the synthesis of modified oligonucleotides. The oligonucleotides were synthesized on functionalized controlled pore glass (CPG) on an automated solidphase DNA synthesizer. CPG 8 functionalized with 2′-O-MTE modified nucleoside was used for the synthesis of oligonucleotide 18. For incorporation of 6, phosphoramidite solution was delivered in two portions, each followed by a 5 min coupling wait time. Oxidation of the internucleotide phosphite to phosphate was carried out using a 10% tertBuOOH in acetonitrile (15) with 10 min waiting time for oxidation. All other steps in the protocol supplied by the manufacturer were used without modification. The coupling efficiencies were more than 98%. After completion of the synthesis, the CPG was suspended in aqueous ammonia (28-30 wt %) at room temperature for 2 h to cleave the oligonucleotide from the CPG. The CPG was filtered; the filtrate was then heated at 55°C for 6 h to effect the complete removal of the base-labile protecting groups. Crude oligonucleotides were purified by High Performance Liquid Chromatography (HPLC, C-4, Waters, 7.8 × 300 mm, A ) 50 mM triethylammonium acetate (TEAAc), pH 7, B ) acetonitrile, 5-60% B in 55 min, Flow 2.5 mL min , λ ) 260 nm). The fractions containing full-length oligonucleotides were pooled together, and the pH of the solution was adjusted to 4.2 with acetic aicd and kept at room temperature for 24 h to complete detritylation. The detritylated oligonucleotides were desalted by HPLC on a Waters C-4 column to yield the 2′-modified oligonucleotides in 30-35% isolated yield. A list of all oligonucleotides used for this study are given in Table 1 . Oligonucleotides were characterized by ESMS (Table 2) , and purity was assessed by HPLC (Table  2) and Capillary Gel Electrophoresis (CGE).
Nuclease Stability Determination. Oligonucleotides, at a final concentration of 2 µM, were incubated with snake venom phosphodiesterase (0.005 U/mL) in 50 mM Tris-HCl, pH 7.5, 8 mM MgCl 2 at 37°C. The total reaction volume was 100 µL. At each time point, 10 µL aliquots of each reaction mixture were placed in a 500 µL microfuge tube and put in a boiling water bath for two minutes. The sample was then cooled on ice and spun in a Microfuge to bring the entire volume to the bottom of the tube. The reaction mixture was desalted on a Millipore 0.025 µm filter disk (Bedford, MA) that was floating in water in a 60 mm Petrie dish. After 30-60 min on the membrane, the sample was diluted with 200 µL distilled H 2 O and analyzed by gel-filled capillary electrophoresis. The oligonucleotide and metabolites were separated and analyzed using the Beckman P/ACE MDQ capillary electrophoresis instrument using a 100 µm ID 30 cm coated capillary (Beckman No. 477477) with eCAP ssDNA 100-R gel (Beckman No. 477621) and Tris-Borate Urea buffer (Beckman No. 338481). The samples were injected electrokinetically using a field strength of between 5 and 10 kV for a duration of between 5 and 10 s. Separation was achieved at 40°C with an applied voltage of 15 kV. The percentage of full-length oligonucleotide was calculated by integration using Caesar v. 6 software (Senetec Software, NJ), followed by correction for differences in extinction coefficient for oligonucleotides of different length.
Binding of oligonucleotides to human serum albumin. The 5′ end of each oligonucleotide was end labeled with 32 P using T4 polynucleotide kinase using standard procedures. Unincorporated label was removed using a G25 column and was confirmed by polyacrylamide gel electrophoresis. A fixed concentration of labeled oligonucleotide (50 nM) was incubated with increasing concentrations of albumin (fatty acid free human serum albumin, Sigma Chemical, St. Loius, a Waters, C-4, 3.9 X 300 mm, A ) 50 mM triethylammonium acetate, pH 7, B ) acetonitrile, 5-60% B in 55 min, Flow 1.5 mL min -1 , λ ) 260 nm.
After incubation, the samples were loaded onto low binding, regenerated cellulose filter membranes with a molecular weight cutoff of 30,000 (Millipore). The samples were spun gently in a microfuge (NYCentrifuge 5415C; Eppendorf, Westbury, NY) at 3000 rpm (735 g) for 3-6 min, collecting ∼20% of the loaded volume in the filtrate.
Aliquots from the filtrate and the initial (unfiltered) solutions were measured using scitillation counter (model LS6000IC, Beckman, Fullerton, CA). The counts obtained in the filtrate aliquots represent the free (unbound) oligonucleotide and appropriate calculations are performed to obtain the concentration of free oligonucleotide. Further calculations yield the concentration of oligonucleotide bound to protein.
The fraction of oligonucleotide bound was plotted versus total albumin concentration. The equilibrium constant, K d , was determined by fitting the data of fraction of oligonucleotide bound to protein concentration. Constants were determined from nonlinear regression analysis of a fraction of ODN bound (f bound ) as a function of free albumin monomer concentration ([A] free ). Concentration of albumin monomers in solution was calculated using K d ) 150 µM for monomerdimer equilibrium (16, 17) .
Crystallization and Structure Determination. Optimal crystallization conditions for the modified decamer were screened by the sparse matrix crystallization technique, using the Hampton Research (Laguna Niguel, CA) nucleic acid mini screen. Crystals for data collection were grown by the hanging-drop vapor-diffusion method. Equal volumes of a 2 mM oligonucleotide solution in water and a buffer solution, containing 40 mM sodium cacodylate (pH 7.0), 80 mM potassium chloride, 12 mM spermine tetrahydrochloride and 10% (v/v) 2-methyl-2,4-pentanediol (MPD), were mixed and equilibrated against 1 mL 35% (v/v) MPD. Diffraction data to a maximum resolution of 1.2 Å were collected on a single flash-frozen (100 K) crystal at a wavelength of 1 Å on the 5-ID beamline at the Advanced Photon Source (DuPontNorthwestern-Dow Collaborative Access Team, Argonne, IL), using a MARCCD detector. Data were integrated and merged in the DENZO/SCALEPACK suite (18) . The structure was solved by the molecular replacement method using the program AMORE (19) . Initial rounds of crystallographic refinement were performed with the program CNS (20) . The program SHELXL-97 (21) was used for anisotropic temperature factor refinement and calculation of hydrogen atom positions. All DNA atoms and selected water molecules were refined anisotropically, and a summary of crystal data and refinement parameters is listed in Table 5 . An example of the final (2F o -F c ) Fourier sum electron density around the 2′-O-MTE-modified residue T*16 in the decamer is depicted in Figure 4 .
Coordinates. Structure factors and final coordinates have been deposited in the Brookhaven Protein Databank (entry code 1MLX).
RESULTS AND DISCUSSION
We recently reported a novel and efficient scheme to synthesize the 2′-O-MTE modified 5-methyluridine nucleoside 1 and the corresponding amidite 2 (22) involving alkylation of the 2′-O-position. Alkylation of the 2′-O position of a nucleoside using a five-or six-membered cyclic sulfate followed by nucleophilic displacement creates a modified nucleoside in only two or three synthetic steps (Scheme 1). We used this synthetic strategy to synthesize 2′-O-[(methylthio)ethyl] nucleoside (Scheme 1). Treatment of the N 3 -[(phenylmethoxy)methyl]-5-methyluridine (1) with NaH in DMF at -45°C followed by addition of the cyclic sulfate (1,3,2-dioxathiolane 2,2-dioxide) afforded the compound 2 in 63% yield (Scheme 1). The selectivity for 2′ over 3′ alkylation was about 3:1. The attempt to nucleophilic displacement of sulfate group of nucleoside 2 with sodium methyl mercaptide was successful. However, deprotection of N 3 -[(phenylmethoxy)methyl] (BOM) under catalylic hydrogentaion in the presence of palladium hydroxide failed to get the expected product. This may be attributed to poisoning of the palladium hydroxide catalyst by the sulfide side chain. Hence, an alternate route was used, where the BOM group of the sulfate derivative 2 was removed first via catalytic hydrogenation over a palladium hydroxide catalyst to yield 3, which was subjected to nucleophilic displacement with NaSCH 3 to give compound 4. The crude compound 4 was selectively protected at 5′-hydroxyl by reacting with 4,4′-dimethoxytrityl chloride (DMTCl) and a catalytic amount of DMAP in anhydrous pyridine to yield 5. Phosphitylation of 5 at the 3′-position afforded the phosphoramidite building block 6 in 63% yield. The nucleoside 5 was converted into 3′-O-succinyl derivative 7 and loaded onto the aminoalkyl controlled pore glass (CPG) to yield the functionalized CPG 8 (56 µmol/g). The 2′-O-MTE modified oligonucleotides used in this study were synthesized on a solid-phase DNA synthesizer using phosphoramidite 6. A 0.1 M solution of phosphoramidite in anhydrous acetonitrile was used for the synthesis. The overall coupling efficiency of modified phosphoramidite was more than 98%. Since thioethers are sensitive to I 2 /H 2 O, the standard oxidizing agent for oxidizing trivalent phosphorus, a solution of 10% tert-BuOOH in acetonitrile was used as the oxidizing agent during the solid-phase synthesis (15) . This oxidizing agent did not cause any modification to the sulfur of the 2′-O-MTE substituent, as indicated by mass spectrometry and crystallographic results. All oligonucleotides were characterized by ESMS (Table 2) , and purity was assessed by HPLC and Capillary Gel Electophoresis.
The binding affinity of 2′-O-MTE modified oligonucleotides to the target RNA was determined by obtaining the Tm values from the temperature-dependent UV absorbance profile of the duplexes. The binding affinity of the 2′-O-MTE oligonucleotides was similar to that of the 2′-O-MOE oligomers ( Table 3 ). The observed difference of 1.2°C/ modification for 2′-O-MTE translates to a nearly 2°C increase/modification when compared to the 2′-H/PdS compounds (23) . It was surprising that substitution of 2′-O-MTE for 2′-O-MOE did not have an adverse effect on binding affinity, considering that the sulfur atom is larger than oxygen and thus could cause steric hindrance in the RNA-antisense oligomer duplex formed. Second, the sulfur atom should cause a weaker gauche effect than the oxygen atom (24) . Preorganization due to the gauche effect has been used to explain the high binding affinity of the 2′-Omethoxyethyl group (25) (Figure 2 ). Perhaps the hydrophobicity of the sulfur causes water expulsion from the minor groove, resulting in the observed stabilization in the case of the 2′-O-MTE modified oligonucleotides. Binding of the 2′-O-MTE modified oligonucleotide 10 ( Table 1 ) to human serum albumin was measured by ultrafiltration techniques (12) . The measured value of K d shows the affinity of the oliognucleotides to human serum albumin. An oligonuleotide with lower K d value would bind strongly to the protein than the one with the higher value of K d . We also evaluated human serum albumin binding of 2′-O-MOE and 2′-deoxy phosphodiester oligonucleotides with the same length and sequence (Table 4 ). In these experiments 2′-O-MTE oligomer with a phosphodiester backbone exhibited moderate protein binding while the 2′-O-MOE/PdO showed no binding ( Table 4 ). The 2′-O-MTE oligomer exhibited weaker binding than 2′-deoxyphosphorothioate oligonucleotides. Differences in plasma protein binding appear to explain the differences in pharmacokinetic behavior of antisense oligonucleotides (12) . The moderate binding property of 2′-O-MTE is expected to improve the pharmacokinetic properties of antisense drugs having this modification relative to both 2′-O-MOE/PdO and phosphorothioate oligonucleotides.
To evaluate the stability of the 2′-O-MTE modified oligonucleotides to nucleases, oligonucleotide 18 was digested with snake venom phosphodiesterase (SVPD) (26) . The modifications in 18 were placed at the 3′-end and all internucleosidic linkages were phosphodiesters. For comparison, 2′-deoxy analogues and oligonucleotides with the 2′-O-MOE modification in the same positions and sequence were also subjected to SVPD digestion under the same conditions. The products of digestion at different time intervals were analyzed by capillary gel electrophoresis (CGE) and quantified. Figure 3 shows the comparative nuclease resistance of these modified oligonucleotides. The 2′-O-MTE oligonucleotide degraded much more rapidly than the 2′-O-MOE modified oligonucleotide, although stability of the 2′-O-MTE oligomer was greater than that of the 2′-deoxy oligonucleotide.
To rationalize the observed differences in protein binding property and stability to nucleases between 2′-O-MTE and 2′-O-MOE oligonucleotides, we undertook crystallographic studies. The decamer 20 was synthesized, and its crystal structure was determined. The crystal structure of a duplex with identical sequence and with 2′-O-MOE in the same positions had previously been reported (27) .
The 2′-O-MTE modified decamer duplex exhibits a standard A-type geometry with all 2′-deoxyriboses and the ribose moieties from the two modified residues adopting typical C3′-endo puckers ( Table 5 ). The 2′-O-MTE substituent of residue T*16 was well defined in electron density maps ( Figure 4 ). Its geometry was very similar to that observed for a 2′-O-MOE substituent in the crystal structure of the decamer duplex with two incorporated 2′-O-MOE-modified-5-methyluridines (27) . In both cases the conformation around the C-C bond of the central ethyl linker falls into a sc -range. The torsion angles O2′-CA′-CB′-SC′ and O2′-CA′-CB′-OC′ are -72°and -49°for the MTE and MOE substituents, respectively (substituent atoms are numbered alphabetically). A superposition of the modified base pair steps in the MTE-and MOE-decamer duplexes is depicted in Figure 5 .
As previously observed in crystal structures of nucleic acid duplexes bearing 2′-O-MOE modifications (25, 27) , the 2′-O-MTE substituent of residue T*16 provides a binding site for a water molecule. This water forms hydrogen bonds to the 3′-and the 2′-oxygen atoms as well as to the sulfur atom of the MTE substituent (Figure 4) . Unlike in the structure of the 2′-O-MOE modified decamer duplex (27) , the MTEsubstituent of the second modified residue (T*6) is disordered, and only the O2′ and CA′ atoms are visible in electron density maps ( Figure 5 ). Because the structure was refined to 1.20 Å, the fact that this substituent is invisible cannot be attributed to a lack of resolution. Rather, the T*6 2′-O-MTE substituent appears to exhibit a lower degree of conformational preorganization compared with the 2′-O-MOE substituent. The hydration motif found for 2′-O-MOE-modified residues and the 2′-O-MTE-modified residue T*16 probably stabilizes their synclinal conformations. Moreover, the excellent nuclease resistance provided by the 2′-O-MOE modification may partly be due to the limited conformational flexibility of the substituent as well as the formation of a water network that spans substituent, sugar and phosphate group (25) . The higher flexibility and subsequent lack of a stable water structure observed for one of the two 2′-O-MTE substituents in our crystal structure may hint at possible origins of the more limited resistance to exonuclease degradation seen for the 2′-O-MTE relative to the 2′-O-MOE modification. An alternate explanation for the limited nuclease resistance of the 2′-O-MTE relative to the 2′-O-MOE may be due to differential binding of Mg 2+ ions. Stronger 
